A cyclic hexapeptide, cyclo(Pro-Gly-ProGly-Pro-Gly), hasbeen synthesized; its solution conformations were examined by 220-MHz nuclear magnetic resonance spectroscopy. The solution structures have been deduced, and shown to vary as a function of solvent polarity. In addition, it has been found that this cyclic peptide binds alkali metal cations. While the predominant conformation of this cyclic peptide is 3-fold symmetric in the apolar solvent methylene chloride, an asymmetric structure is preferred in some polar solvents (water, dimethylsulfoxide). However, addition of alkali metal salts, such as sodium thiocyanate, to dimethylsulfoxide solutions of the peptide shifts the conformational equilibrium in favor of a second type of C3-symmetric structure, presumably the result of the formation of a stable peptide-metal ion complex. Nuclear magnetic resonance data suggest that the peptide in methylene chloride solution takes up a conformation containing three cis' Pro CaC=O bonds and three cis Gly-Pro peptide bonds; that water and dimethylsulfoxide stabilize a conformer in which one (or two) sets of such bonds of a given Pro-Gly unit have undergone interconversion to trans'/trans forms; and that alkali metal cations complex the cyclic peptide in a Cs-symmetric all-trans'/trans structure.
The biological activity and structural simplicity of many cyclic peptides have generated considerable interest in the determination of their conformations, with the ultimate goal of ascertaining structure-function relationships. Highresolution nuclear magnetic resonance (NMR) spectroscopy, useful for the study of solution conformations of cyclic peptides, can provide information for structural determinations (1, 2) .
Many naturally-occurring cyclic peptides contain proline, and it is believed that investigations of synthetic prolinecontaining cyclic peptides composed of repeating oligopeptide units (3) (4) (5) may clarify the structural role of the prolyl residue in biologically active cyclic peptides. An additional advantage of the investigation of proline peptides is that the number of possible conformers of the peptide backbone is limited by the restrictions to rotation about the N-CCa bond of the prolyl residues. Another consideration is the recent demonstration of the presence of cis-and trane-X-Pro peptide bonds (where X is any amino-acid residue preceeding a proline residue), in both linear (6) (7) (8) and cyclic (4, 5) proline-containing peptides. Since the barrier to rotation about the peptide * Dedicated to our late colleague, Dr. Simon C. K. Wong, who was a gentleman, a scholar, and a scientist. bond is estimated to be at least [15] [16] [17] [18] [19] [20] , different cyclic peptide conformations resulting from the presence of cis-and trans-X-Pro peptide bonds yield separate NMR spectra, thus permitting direct determination of the populations of the conformers present in solution under different conditions (e.g., various solvents or temperatures).
In NMR analyses of cyclo(Pro-Ser-Gly-Pro-Ser-Gly) [c-(Pro-Ser-Gly)2] and its retro-isomer cyclo(Ser-Pro-Gly-SerPro-Gly) [c-(Ser-Pro-Gly)2], it was shown (4, 5) that in both compounds C2-symmetric intramolecularly hydrogen-bonded conformations having all peptide bonds trans were in equilibrium with conformations [both asymmetric (4) and symmetric (5) ] containing cis-X-Pro peptide bonds. The present report describes the synthesis of, and NMR studies on, cyclo(L-ProGly-L-Pro-Gly-L-Pro-Gly) [designated c-(Pro-Gly)3], in which the presence of three prolyl residues in alternating positions excludes intramolecularly hydrogen-bonded C2-symmetric conformations similar to those found for c-(Pro-Ser-Gly)2 and c-(Ser-Pro-Gly)2. In the apolar solvent Fig. 1 ) is dissolved in CD2Cl2, the 220-MHz NMR spectrum in Fig. 2a is obtained (NH portion not shown). The solubility of this cyclic peptide in CD2Cl2 afforded an opportunity for the study of its conformation(s) unperturbed by interaction with oxygen-containing solvents. Most of the assignments indicated for various resonances are readily made by inspection (3, 4) , with prolyl ,B-and y-proton assignments confirmed by spin decoupling. Noteworthy in Fig. 2a of c-(Pro-Gly),, namely, those arising from the cis (Gly = 1800) and trans (Gly co = 00) ¶ rotational isomers of the (planar) Gly-Pro peptide bonds (6) . Four distinct conformers of this kind are possible: cis-cis-cis, cis-cis-trans, cis-transtrans, and trans-trans-trans. Furthermore, the rotational potential about the Pro Ca C=O bond is characterized (10) by two regions of low conformational energy, with minima at cis' (Pro 4 -125°) and trans' (Pro 4 -3000). If rotational isomers about the Pro Ca C=O bond are includedll, the number of possible conformers increases to 16 , of which only four have C3-symmetry: those with three cis' bonds and either three cis or three trans Gly-Pro peptide bonds; and those with three trans' bonds, and either three cis or three trans Gly-Pro peptide bonds. The NMR spectrum observed in CD2Cl2 can be assigned with reasonable certainty to a single C3-symmetric conformer on the basis of the following considerations.
First, the two relatively small and nearly equal JNa, (Gly forms of Pro Ca-C=O bonds is not believed to be high enough at room temperature to give separate NMR spectra for each form, considerations based upon molecular geometry of c-(Pro-Gly)3, and upon experimental data gathered from spectra throughout this study, suggest that in any given c-(Pro-Gly)3
conformer one form only (either cis' or trans') will be significantly populated once other conformational degrees of freedom have been specified. However, the possibility cannot be rigorously excluded that the observed resonances result from rapid averaging of the conformations proposed with those containing mixed cis'/trans' Pro Ca-C==O bonds.
hedral angles formed by the Gly NH proton and the two Gly CaH's are both approximately 1200, or, in terms of peptide backbone rotational angles, the three Gly 4 angles 00.
Second, the appearance of the Pro CaH as a doublet (at 5.25 r) in c-(Pro-Gly)3 recalls a similar doublet (at 4.95 r in CD2-Cl2) in the NMR spectrum of cyclo(L-prolyl)3 (3) . The conformations of the pyrrolidine rings in both cyclic peptides may, therefore, be similar, and possibly related to a common orientation of neighboring peptide bonds, i.e., cis in both in-
Third, inspection of Corey-Pauling-Koltun (CPK) molecular models indicates that (a) the sequences trans'-cis and cis'-trans in a given Pro-Gly unit have unfavorably close atomic contacts, especially between neighboring carbonyl oxygen atoms; (b) both in these "mixed" Pro-Gly units and in trans'/trans Pro-Gly units, the sum of the two Gly JNa coupling constants is 10-12 Hz, in disagreement with the experimentally-observed sum of JNa values (about 6.5 Hz); and (c) three peptide carbonyl oxygens (the three Pro and/or the three Gly carbonyl oxygens) in the all-trans'-all-trans structures are oriented toward each other and in close proximity, resulting in strong repulsive electrostatic interactions in the relatively nonpolar CD2Cl2 solvent.
The data therefore indicate that cyclo(Pro-Gly), exists as a
Cr-symmetric conformer in CD2CI2, designated [S] , that contains three cis' ProCa-C==O, and three cis Gly-Pro peptide bonds. This conformer is illustrated schematically in Fig. 1 . Once these conformational features have been specified, peptide bond planarity, cyclic geometry, and steric requirements Chemical shifts (r scale) given in ppm downfield from internal Me4Si.
In the resulting spectrum (Fig. 3a) , minor NH resonances A1, A2, and A3 were visible at 1.9, 3.3, and 3.5 T, respectively, and their area was found (with a computer of average transients) to contain 10-15% of the total NH area**. These resonances became more pronounced when approximately 0.2% water (less than 1 mol percent) was added (Fig. 3b) .
Note that the upfield portion of the spectrum run in this same solvent (Fig. 2b) A clear indication that the minor resonances correspond to an asymmetric conformation of cyclo(Pro-Gly)3 stabilized by water is seen in Fig. 3 a-c, (Fig. 3c) . Hence, in water a single asymmetric structure (having three magnetically nonequivalent Gly NH's) is the predominant conformation.
Since the polar solvent dimethylsulfoxide, unlike water, is miscible with CD2Cl2, it was possible to monitor the conformational transitions just described over the entire range of solvent compositions. Thus, when aliquots of [U-2H]Me2SO are added to a solution of c-(Pro-Gly)3 in CD2Cl2 (Fig. 4) Interaction of Cyclo(Pro-Gly)s with Alkali Thiocyanate Salts. Evidence for specific interaction between sodium thiocyanate (NaSCN) and cyclo(Pro-Gly)3 is seen in Fig. 5 , which shows the changes in the NH resonances resulting from addition of NaSCN to a solution of c-(Pro-Gly)3 in [U-2H]Me2SO. As the salt concentration increases, the population of the asymmetric conformation decreases, with the parallel increase of the population of a new symmetric conformation, signaled by the growth of the resonance designated S*. It is clear from Fig. 5e that about 90% of the c-(Pro-Gly)3 molecules become symmetric when the molar ratio NaSCN/c-(Pro-Gly)3 = 7. The upfield portion of spectrum 5e, appearing in Fig. 6 , should be compared with Fig. 2a , where prominent differences are apparent in the chemical shifts, shapes, and coupling constants of most resonances, e.g., the Pro CaH resonance is now a triplet, and the Gly JNa are now increased.
Because the conformation corresponding to S* resonances is C3-symmetric, Gly-Pro peptide bonds must be all-cis or alltrans (see above). Since in the all-cis structure (i.e., conformation [S]), the three Pro and three Gly carbonyl groups are rigidly fixed with C=0 axes approximately parallel and oxygen-oxygen distances -4-5 iA, the C=0 groups are thus not well-disposed to bind a sodium cation (with radius about 1 A). However, when the three Gly-Pro peptide bonds are trans and the Pro Ca C=0 bonds are trans', structures can readily be made with either the three Gly C=O's or the three Pro C=O's directed inward toward the center of the molecule in close proximity (as previously noted) and well-positioned to bind a sodium cation. The flexibility required to build these two types of trans'/trans structures is provided by the broad region of low energy about the trans' minimum in the potential well of the isolated Pro residue (10) . respectively. Temperature = 230C. Concentrations: 20 mg/ml (a); 12 mg/ml (b), (c), and (d); 15 mg/ml (e). In (b)-(e), the signal-to-noise ratio was improved by [4] [5] [6] [7] [8] [9] [10] [11] [12] [13] [14] [15] [16] Fig. 5 (and Fig. 6) The stoichiometry of the c-(Pro-Gly)3-salt complex remains to be determined. Since three peptide carbonyls may not be sufficient to complex the cation effectively, the c-(Pro-Gly)3-NaSCN system may be a "sandwich" complex, with the sodium ion associated on the average with two The results reported above are of interest in relation to the ion-transport properties of naturally-occurring cyclic pep- tides. The data indicate that c-(Pro-Gly)3 is a synthetic cyclic hexapeptide that complexes alkali metal cations; similar interactions of metal cations with a synthetic bicyclopentapeptide have been reported (15) . The preference for sodium shown by c-(Pro-Gly)3 parallels the recent finding (16) that the naturally-occurring cyclic decapeptide, antamanide, also complexes sodium more effectively than it does potassium. The fact that the striking conformational transitions of cyclo(Pro-Gly)3 (as a function both of solvent polarity and alkali metal ion concentration) are directly observable by NMR illustrates the potential of this cyclic peptide as a model for the study of peptide-solvent interactions.
